Grain boundaries (GBs) in graphene prepared by chemical vapor deposition (CVD) greatly degrade the electrical and mechanical properties of graphene and thus hinder the applications of graphene in electronic devices. The seamless stitching of graphene flakes can avoid GBs, wherein the identical orientation of graphene domain is required. In this letter, the graphene orientation on one of the most used catalyst surface -Cu(100) surface, is explored by density functional theory (DFT) calculations. Our calculation demonstrates that a zigzag edged hexagonal graphene domain on a Cu(100) surface has two equivalent energetically preferred orientations, which are 30 degree away from each other. Therefore, the fusion of graphene domains on Cu(100) surface during CVD growth will inevitably lead to densely distributed GBs in the synthesized graphene. Aiming to solve this problem, a simple route, that applies external strain to break the symmetry of the Cu(100) surface, was proposed and proved efficient.
G raphene is the most promising material for the next-generation electronics. Its application requires the production of large-area graphene with low defect concentration and high uniformity. The chemical vapour deposition (CVD) synthesis of graphene on Cu substrate [1] [2] [3] [4] [5] is regarded as the most practical method to achieve the above mentioned requirement. Although great progresses have been made, such as the synthesis of 30 inches single layer graphene sheet on Cu surface have been achieved 2 , the mobility of the CVD graphene samples is still far from expected. It is broadly believed that the grain boundaries (GBs) formed during CVD growth are responsible for the great deduction of graphene's electronic performances [6] [7] [8] [9] [10] [11] [12] [13] [14] . During the graphene CVD growth, the GBs are mainly formed by the coalescence of graphene domains [14] [15] [16] [17] . In experiment, the main strategy for obtaining graphene with less GBs is to reduce the nucleation density, which can be realized by using low pressure CH 4 as feedstock [18] [19] [20] [21] or introducing oxygen into growth process 22 . But such a strategy suffers from a very slow growth rate which is a great drawback. For example, the growth of a single crystalline graphene domain from the length of nm to cm may cost a few days 20, 23 . Another possible approach to obtain graphene with less GBs is to stitch several graphene domains seamlessly, which requires all graphene domains possess the identical orientation on the catalyst surface. Cu(100) surface is the most used catalyst surface during graphene CVD growth. Graphene domains formed on the Cu(100) surface are normally not well aligned and GBs are observed to distribute densely and broadly [24] [25] [26] [27] [28] . Therefore, in order to obtain GB-free graphene on Cu(100) surface, it is crucial to achieve a comprehensive understanding about the formation mechanism of GBs and the key factors that control the graphene orientation.
Under thermodynamic equilibrium conditions, the probability of forming a small graphene island on a catalyst surface can be estimated by
where E f is the formation energy of the graphene domain, k b is the Boltzmann constant and T is the temperature.
Considering the orientation of a very large graphene domain is hard to be changed, the orientation of a graphene domain should be determined by the low energy directions at the infant stage 29 .
To find out the most favorable
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SUBJECT AREAS: graphene orientation on Cu(100) surface, the graphene orientation with the lowest E f value must be determined. However, directly comparing the formation energies of graphene domains with different orientations is difficult because of the requirement of huge computational models. Previous experimental observations and theoretical predictions have confirmed that graphene flakes under equilibrium conditions preferred the regular zigzag (ZZ) edges because of its low growth rate and low formation energy [30] [31] [32] [33] [34] [35] . Another theoretical study has shown that the graphene-catalyst interaction is dominated by the strong edge-catalyst interaction instead of the weak Van der Waals (VDW) interaction between graphene wall and the catalyst surface 29 . Therefore, we propose to build up a growing graphene island as a hexagonal graphene domain with six zigzag edges and calculate the graphene edge-catalyst interaction as the summation of interactions between the six graphene ZZ edges and the Cu(100) catalyst surface.
In this letter, the most favorable orientation of a ZZ edged hexagonal graphene on Cu(100) surface is systematically explored. Our theoretical calculations demonstrate that a graphene ZZ edge has two identical stable orientations, [110] or [2110] direction of the Cu(100) surface. Hence, the coalescence of graphene domains on the Cu(100) surface will inevitablly leads to high concentrated GBs. We further showed that the external axial compressive strain along one of the [110] and [2110] direction can reduce the symmetry of the system to C 2 and notably increase the energy difference of the two directions. And thus a simple route of suppressing one of the two equivalent orientations during graphene CVD growth on Cu(100) surface is proposed and expected to be applied during graphene CVD growth.
Results
To locate the optimum orientation of graphene domain on Cu(100) surface, we firstly explored the binding between a graphene ZZ edge and the surface as a function of the edge's orientation. Neglecting the small lattice mismatching between graphene and Cu(100) surface (,4%), a graphene ZZ edge can be perfectly placed along the [110] direction of Cu(100) surface, as shown by h 5 0u in Figure 1b . Here, the binding orientation angel, h, is defined as the deflection angle between the graphene ZZ edge and the [110] direction of the Cu(100) surface. Considering the C 4 symmetry of Cu(100) surface, the deflection angle, h, on the Cu(100) surface has a periodicity of 90u, in which h to the [110] direction should be equivalent to 90u 2 h to the [2110] direction because of the equivalence of the [110] and [2110] direction. Thus the investigated deflection angle only varies from 0u to 45u, and there are 10 different h values are studied. For each h, the formation energy of the ZZ edge, E ZZ , on the Cu(100) surface was calculated as
where E GNR/Cu100 , E Cu100 and E GNR are the energies of graphene nanoribbon (GNR) adsorbed on the Cu(100) surface, the Cu(100) substrate and the isolated GNR, respectively, and L is the length of GNR's edge. The calculated formation energies and several optimized geometries of graphene ZZ edge on Cu(100) surface are shown in Figure 1a and 1b, respectively. It can be seen that the formation energy of the ZZ edge increases dramatically when h goes up from zero. For example, E ZZ (h) increases from 5.17 eV to 5.87 eV as h increases from 0u to 5.71u. While the energy change becomes very slow when h is larger than 5.71u. E.g. the formation energy changes only 0.58 eV when h varies from 5.71u to 36.87u. This demonstrated that ZZ edges with the orientation of h 5 0u 1 i * 90u (i is an integer) are the most favorable orientations on the Cu(100) surface. This is due to the favorable binding site of the edge C atoms. For h 5 0u 1 i * 90u, the commensurate system has a very small unit cell size of 0.246 nm, which allows each edge C atom to be located at a bridge site of the [100] surface ( Figure 1b ). Binding at the bridge site leads to the formation of two Cu-C bonds perpendicular to the graphene edge (inset of Figure 1a ). This is energetically favorable because the edge C atom is sp 3 hybridized and the two dangling bonds can be effectively saturated. However, when a ZZ edge rotates away from the [110] direction, some edge C atoms have to be deviated from the bridge sites, e.g., for h 5 5.71u (shown in Figure S1 ), and thus the energy will increase. Different from that of the bridge site, an edge C atom binds on a top site has high formation energy because only one of the dangling bonds is saturated (shown in Figure S2 ). It is worth mentioning that, a lattice approximation between graphene and the Cu substrate was used for h 5 0u in order to reduce the computational model to acceptable size. Perfect lattice matching leads to the deviating of some edge C atoms from the Cu-Cu bridge site but the edge C atoms never bind on the top site of Cu atom. Thus it can be concluded that h 5 0u remaines as the most favorable orientation even if the perfect lattice matching is taken into account. (detailed discussion and analysis can be found in SI-3 of SI).
Based on the obtained orientation dependent formation energy of a graphene ZZ edge on the Cu(100) surface (Figure 1a) , the formation energy of a graphene domain with certain orientation on the same catalyst surface can be easily obtained. For a most frequently observed hexagonal graphene domain on the Cu(100) surface 1, 20, 23, 31, 36, 37 , the graphene-Cu(100) [G/Cu(100)] system has a symmetry of C 2 , as shown by Struct. A in Figure 1d . In this C 2 symmetric structure, two graphene ZZ edges perfectly aligned with the [110] direction of Cu(100) surface, and the other four graphene edges deviate by 60u and 260u from the [110] direction, respectively. When the graphene domain in Struct. A is rotated by Q degree in relative to the Cu(100) substrate, the orientations of the six ZZ edges of graphene are Q, 60u 1 Q, and 260u 1 Q, respectively. Therefore, the formation energy of the hexagonal graphene domain, E hex (Q), can be written as
where E ZZ (Q) is a function of Q with a periodicity of p/2 as shown in Figure 1a . Based on the calculated E ZZ (Q) and Eq. (3), we can plot the formation energy of the hexagonal graphene domain, E hex , as a function of Q by using linear interpolation (Figure 1c) . In contrast to E ZZ (Q) which has a periodicity of p/2, the E hex (Q) has a periodicity of p/6. There are four local minimums of E hex (Q) in the range of 0u # Q # 90u, which appear at Q 5 0u, 30u, 60u and 90u respectively. The structure with Q 5 0u or 60u corresponds to Struct. A and the structure with Q 5 30u or 90u corresponds to Struct. B as shown in Figure 1c . For graphene nucleated on the Cu(100) surface, the populations of domains with two equivalent orientations must have very similar probability and thus the seamless fusion of graphene domains is impossible. As a consequence, large-area graphene sheet grown on Cu(100) surface normally have many GBs, which is consistent with many experimental observations 5, [24] [25] [26] [27] 38 . Aligning the graphene domains along a specific orientation on Cu(100) surface is essential to achieve the seamless fusion of graphene domains and is the key to improve the quality of the synthesized graphene. It's important to note that the C 4 symmetry of Cu(100) surface is responsible for the two equivalent orientations. If the C 4 symmetry of the Cu(100) surface was broken or the [110] and [2110] directions are no longer equivalent, the two different graphene structures would be non-equivalent as well. In order to break the C 4 symmetry of the Cu(100) surface, here we propose to apply an external strain along one of the [110] and [2110] directions. With such an external strain, the lattice constant along one direction would be different from that along the other one. Thus the symmetry of the Cu(100) surface will be reduced to C 2 and the degenerated Struct. A and B are no longer equivalent.
To determine whether the stability of the graphene ZZ edge is sensitive to the external strain, we firstly compared the formation energies of the graphene ZZ edge on the Cu(100) surface compressed/stretched along is 81.99u (Figure 1g-h) . The a increases to 83.69u when the [110] direction is compressed by 4%, as shown in Figure 2i . Accordingly, the binding of the ZZ edge becomes stronger. On the contrary, the bond angle of ZZ edge along the [2110] direction decreases to 77.24u (Figure 3j From the above calculations, we can conclude that the relative stability of graphene edge is more sensitive to the compressive strain and thus we propose to use the compressive strain to suppress one of the Struct. A and B on the Cu(100) surface.
To confirm the hypothesis, we further calculated the formation energies of graphene ZZ edge along different directions on a compressed Cu(100) surface. Considering the C 2 symmetry of the compressed Cu(100) surface, we investigated the deflection angle h which is changed from 0u to 180u. On the compressed Cu(100) surface, the calculated formation energies of graphene ZZ edge along the [110] and [2110] directions (0u and 90u respectively, as shown in Figure 3a) are not degenerate any more, which is consistent with our prediction.
Based on the calculated E ZZ (h) on a compressed Cu(100) surface (Figure 3a) and Eq. (3), the E hex on a compressed Cu(100) surface as a function of Q can be obtained (Figure 3b) . In contrast to the situation on the relaxed Cu(100) surface, the periodicity of E hex (Q) on a compressed Cu(100) surface become p/3 due to the change of the symmetry. There are four global minima and three local minima of E hex (Q) can be identified in the range of 0u # Q # 180u due to the energy separation of Struct. A and B. The four global minima appear at Q 5 0u, 60u, 120u and 180u are corresponding to Struct. A as shown in Figure 1d . The three local minima appear at Q 5 30u, 90u, 150u correspond to Struct. B. For a hexagonal graphene domain with the edge length of 2 nm, the formation energy of Struct. A is ,1.2 eV/ nm lower than that of Struct. B. This should leads to a large population of Struct. A domains on the compressed Cu(100) surface. Assuming such a graphene domain can be freely rotated at the experimental temperature of 1200 K, the population difference of the two structures can be roughly estimated by exp(1.2 eV/kT) , 10
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, which indicating a great suppression of Struct. B in the synthesized graphene domains. To further verify the conclusion, we calculate the formation energies of two differently orientated small hexagonal graphene flakes (C 54 ) on a 4% compressed Cu(100) surface. Our calculation shows that the hexagonal C 54 with two ZZ edges bound along the compressed [110] direction is 1.29 eV lower than C 54 with two ZZ edges bound along the [2110] direction (the optimized structures and formation energies can be found in Figure S2 of SI).
Based on the above discussion, we can see that a graphene domains on the Cu(100) surface have two equivalent orientations rotated by 30u. Thus, fusion of graphene domains grown on the Cu(100) surface must lead to numerous GBs (Figure 4a) . In order to avoid the formation of GBs during graphene domain fusion, uniformly aligning the graphene domains is required. By imposing a compressive strain along one of the [110] and [2110] directions, one of the two equivalent graphene orientations could be greatly suppressed and therefore the formation of GBs during the fusion of the graphene domains can be avoided. Through such a process, the quick synthesis of largearea and high-quality graphene is possible (Figure 4b ).
In conclusion, our theoretical calculations demonstrate that the graphene ZZ edge has the lowest formation energy when it binds 
Methods
To describe the binding of graphene ZZ edge on free and compressed/stretched Cu(100) surfaces, models with periodic boundary conditions (PBC) are carefully designed. The graphene ZZ edge is represented by a ZZ graphene nanoribbon (GNR) with one edge saturated by H atoms. And the width of the GNR is 8.13 Å which including 3 hexagonal rings along the width direction. GNR with larger width is also adopted in our calculations and the calculated formation energy is almost the same as that of GNR with width of 8.13 Å . Thus the GNR with width of 8.13 Å was used in most of our calculations. All calculations performed are based on the density functional theory (DFT) implemented in the Vienna Ab-initio Simulation Package (VASP) 39, 40 . Electronic exchange and correlation were included through the generalized gradient approximation (GGA) in the Perdew-Burke-Ernzerhof (PBE) form 41 . The projector-augmented wave (PAW) method was used to describe the electronic interaction. Spin unpolarized calculations were adopted with a plane-wave kineticenergy cutoff of 400 eV. For large super-cells with size larger than 15 3 15 3 15 Å 3 , the Brillouin zone was sampled only at the C point. While for small super-cells, multiple K points were used. All structures were optimized until the maximum force component on each atom was less than 0.02 eV/Å . Similar calculation setups have been extensively implemented in our previous studies and were proved reliable 42, 43 .
